ABSTRACT The mechanical properties and corrosion behavior of 5A06 alloy in a mixed solution of 0.5 mol/L H 2 O 2 and seawater from Bohai Bay at 40 • C for several days were investigated in this paper. The results indicate that the tensile properties of the 5A06 alloy are not very sensitive to seawater corrosion, while the fatigue life is greatly affected by it. The maximum decrements of σ b and σ 0.2 are 5.98% and 8.15%, respectively, which are due to the propagation of tensile microcracks. The maximum impairment of the fatigue life is 54.38% after corrosion for 12 days, which is related to the pitting and the combination of the galvanic effect, occluded cell effect and chemical effect. The 5A06 Al alloy mainly experiences pitting, intergranular corrosion, and exfoliation corrosion during the seawater corrosion process.
I. INTRODUCTION
5xxx series aluminum alloys, with magnesium as a principal alloying element, are generally known for their light weight, high strength, and corrosion resistance in marine atmosphere and saltwater [1] - [3] . The 5A06 aluminum alloy, as one type of high-strength 5xxx Al-Mg alloy, has been widely applied in structural applications of pressure vessels, ships, automobiles and aerospace due to its superior properties [4] .
The excellent corrosion resistance of Al alloy is mainly related to the formation of a passive (oxide) film, which is non-uniform, thin and non-coherent and develops on the surface of the alloy under normal atmospheric conditions [5] , [6] . In general, the oxide film would be broken down at specific points while the specimens were exposed to corrosive environments containing halide ions (such as chloride) after a certain period, and then, some pits would form on the surface of the alloy, which is known as pitting corrosion [6] . Moreover, pitting on the Al alloy surface usually occurs in the presence of an electrolyte within a 4.5-8.5 pH range, while cracks and fracture failure are initiated around the pits under stress concentration [6] , [7] . The size of pits and fatigue crack initiation are usually influenced by different degrees of corrosion. Zhao et al. [8] noted that the initiation of corrosion fatigue cracks of X80 steel in a 3.5% NaCl solution was due not only to the stress concentration of corrosion pits but also to corrosion products attached to specimens. Frédéric and Gilbert also found that fatigue and corrosion had a cooperative effect on crack growth [9] , [10] . Al-Mg alloys with a high Mg content are susceptible to intergranular corrosion (IGC) if exposed to NaCl solution for extended periods of time, while Mg can largely increase the strength of the alloys via solid solution hardening and decrease the corrosion potential of the Al solid solution [11] - [14] . The susceptibility to IGC is a consequence of Mg-rich precipitates, such as β-Al 3 Mg 2 phases, which are the main intermetallics present in Al-Mg alloy and play an important role in localized corrosion attack. As the β phase is strongly anodic relative to the vicinity of the Al matrix in the corrosive medium, the IGC propagates along the grain boundaries via their continuous dissolution and leads to the formation of galvanic coupling between the matrix and the β phase [15] . Exfoliation corrosion (EFC), a particular form of intergranular corrosion, is often observed on the surface of Al alloys [16] - [18] . It usually occurs after IGC and is followed by grain lift-out, which results in the formation of blisters on the surface and significantly deteriorates the fatigue life of alloys [18] - [20] . Accordingly, the development of corrosion damage on the surface of Al alloy occurs due to the breakdown of the passive film, which is greatly influenced by the heterogeneity of the alloy microstructure, and the morphology of the corrosion damage can potentially lead to changes in the mechanisms that govern crack formation [21] .
Furthermore, natural sea water, which is an aggressive environment with characteristics of high oxygen and high salt spray, promotes the development of corrosion and corrosionfatigue of Al alloys [21] , [22] ; thus, the corrosion behavior and mechanism of material may be different from those occurring in artificial corrosive solutions. For example, because oxygen reduction is a typical cathodic reaction in seawater, the higher oxygen level in natural sea water is expected to introduce higher corrosion rates than the NaCl solution with relatively greater salinity and lower oxygen content. However, it seems that most of the recent publications on the corrosion performance of aluminum alloys have utilized artificial corrosive solutions. Li et al. [23] studied the corrosion behavior and mechanical properties of Al-Zn-Mg aluminum alloy, and IGC tests were conducted in a solution of NaCl and H 2 O 2 at 35 ± 2 • C for 6 h in a thermostat. Engler et al. [24] carried out a corrosion test in a neutral salt spray environment by using samples placed in a closed testing chamber, employing a saltwater (5% NaCl) solution at a temperature of 35 • C with pressurized air. Nevertheless, these studies were narrowly focused on the impact of other complex environmental factors in seawater, such as oxygen and pH. Therefore, the corrosion behavior and mechanical properties of 5A06 Al-Mg alloy in natural seawater to simulate realistic service life conditions still need to be further studied.
For the above reasons, the corrosion behavior and mechanical properties of 5A06 Al-Mg alloy in seawater were studied systematically in this paper. The seawater from Bohai Bay in China was used as a corrosive medium to design a new type of accelerated corrosion test. The degradation of the 5A06 alloy mechanical properties was studied by tensile and fatigue tests. The corrosion morphologies were investigated by scanning electron microscopy equipped with energy dispersive X-ray spectroscopy (SEM-EDS) and optical microscopy in detail.
II. EXPERIMENTAL PROCEDURE A. MATERIALS AND CORROSION TEST
The material studied in the present paper is as-cast 5A06 Al-Mg alloy with a chemical composition of 6.53 Mg, 0.1 Cu, 0.63 Mn, 0.18 Fe, 0.08 Si and balance Al (wt.%). All corrosion test samples were degreased in acetone, etched in 7.5% NaOH aqueous solution at 50 • C for 3 min, desmutted in 65% concentrated HNO 3 for 1 min and finally immersed in the mixed solution of 0.5 mol/L H 2 O 2 and natural seawater from Bohai Bay (pH 8.2) at 40 • C for several days in a thermostat water bath (HH-4). O 2 was also fed into the mixed solution continually by an electromagnetic charge pump (ACO-012).
B. MICROSTRUCTURAL CHARACTERIZATION
To characterize the corrosion morphologies, all the samples with a size of 10 (length) × 10 (width) × 3 (thickness) mm were polished using a series of progressively finer SiC papers starting with 200, 400, 800, 1000 and 1500 grit before the corrosion test. Once the samples were appropriately ground, they were polished using 3 µm and 1 µm diamond paste. Phase identification of the 5A06 alloy was then undertaken on polished samples by using an X-ray diffractometer (Bruker D8 advance) with Cu K α radiation. Then, the polished samples were etched by Keller's agent to reveal the microstructure for further optical microscope (SH103) analysis [25] . Micrographs of the as-cast and corrosive samples were taken by a CamScan3400 scanning electron microscope (SEM) equipped with energy dispersive X-ray spectrometry (EDS). 
C. MECHANICAL PROPERTY TEST
Samples for tensile and fatigue testing were machined according to GB/T 228-2002 and GB 3075-82 standards, respectively, and the dimensions are shown in Fig. 1 . The tensile tests at room temperature were performed at a loading speed of 1 mm/min in air using an electronic universal testing machine (HungTa 2024, China). Tensile stress always occurs when a material is subjected to pulling or stretching force and is defined as a force applied over a cross-sectional area. The yield strength represents the 0.2% proof strength value as computed by the computer program controlling the machine. For the fatigue tests, specimens were under loading until fracture occurrence at room temperature after immersion in corrosion solution for a certain time. The corroded specimens were tested under constant amplitude cyclic loading with a fatigue testing machine (MTS800) at a maximum stress (σ max ) of 200 MPa. The applied stress ratios (R = σ max /σ min ) is 0.1. The loading waveform is sinusoidal, and the loading frequency is 20 Hz which is the resonant frequency of the testing system. After fatigue testing, detailed fractographic analysis was performed with a scanning electron microscope (SEM) to examine the crack-nucleating features and analysed the influence of seawater corrosion on fatigue life. VOLUME 6, 2018 FIGURE 2. XRD pattern of the as-cast 5A06 alloy.
III. RESULTS AND DISCUSSION

A. MICROSTRUCTURAL INVESTIGATION OF AS-CAST 5A06 ALLOY
Microstructure and XRD analyses were performed to identify the phase constitution of the as-cast 5A06 alloy. The XRD diffraction pattern of the alloy, as shown in Fig. 2 , reveals that, irrespective of the corrosion test, there are two phases in the alloys, namely, primary α-Al and Al 3 Mg 2 (β-phase). The microstructures of the alloy were studied by OM and TEM (Fig. 3) , showing that the β phase was uniformly distributed in the grain interior and boundary of the alloys. It is illustrated that the introduction of a large amount of Mg element into the alloy leads to the second phases precipitate along the grain boundary and subgrain boundary [26] . The behavior of intermetallic compounds mainly depends on the different potentials between the particles and the Al matrix. Buchheit et al. [27] clarified that the pitting corrosion related to the second phase is mainly divided into two forms. The first one is the pitting corrosion that occurs on the second phase because of the selective dissolution of the particles on the surface of the aluminum matrix. The second one is the corrosion that occurs around the second phase while the second phase remains intact. For the 5A06 alloy, the open-circuit potential of the second phase (β phase) in NaCl solution is lower than that of the Al matrix, which indicates that the β phase appears to be active with respect to the Al matrix and shows anodic behavior while dissolving with preferential dissolution of Al. It was evident that individual particlenucleated pits coalesced, laterally and in depth, to form larger pits [28] . Liao et al. [29] also found that pitting corrosion initiated and developed around intermetallic compounds.
B. MECHANICAL PROPERTIES AND FRACTURE SURFACE OBSERVATION
To confirm the degradation of the 5A06 alloy mechanical properties in the natural seawater, the tensile stress (σ b ), yield stress (σ 0.2 ) and fatigue life of the samples immersed in the mixed solution of natural seawater and 0.5 mol/L H 2 O 2 at 40 • C for different days were measured, as shown in Fig. 4 and Fig. 6 . Here, an average value was achieved by taking the average of at least three measurements. Several important observations can be made according to the data. As shown in Fig. 4 , the tensile stress (σ b ) decreases from 378.83 MPa to 356.17 MPa, while the yield stress (σ 0.2 ) decreases from 143.00 MPa to 131 MPa before and after corrosion for 32 d. The impairments of both σ b and σ 0.2 are less than 10%, which illustrates that the tensile properties of the 5A06 alloy are not sensitive to seawater corrosion.
To further study the influence of seawater corrosion on the tensile properties of 5A06 aluminum alloy, the tensile fracture surface of the samples was observed by SEM, as shown in Fig. 5 . The fractographs of all samples show a distinct transition from transgranular fracture at the surface/subsurface to intercrystalline fracture in the interior of the samples. For the samples that have not been corroded, transgranular fracture, which was taken as the typical ductile fracture feature, can be seen on the fracture surface, as shown in Fig. 5(a) . In addition, the second phase particles (denoted by white arrow) in dimples can also be observed, while no obvious intergranular fracture phenomenon was detected. The 5A06 Al alloy has excellent plasticity [30] . After 4 days of immersion, transgranular fracture was also presented, as shown in Fig. 5(b) , which is similar to Fig. 5(a) . With the increase of the corrosion time, both intergranular cracks and transgranular cracks can be observed at the fracture surface of the samples at 16 d, as shown in Fig. 5(c) . The intergranular crack and white corrosion products can be seen at 32 d, as shown in Fig. 5(d) .
In general, the tensile and fracture behaviors of the matrix alloy strongly depend on the second dendrite arm spacing (SDAS) and the Mg content, especially the size and shape of intermetallic compounds [31] . At the beginning of corrosion, the tensile cracks generally initiate in the surroundings of the separation between the hard brittle phase and the Al matrix under the function of tensile stress [32] . The tensile fracture of the corroded alloy is almost the same as that without corrosion, while the characteristic of the fracture in the surface is transgranular fracture. With prolonged immersion time, the corrosion propagates along the grain boundaries, and the corrosion products increased gradually. Meanwhile, the nucleation and propagation of microcracks were caused by the second phase, which led to the decline of tensile properties.
In comparison, Fig. 6 shows the plot of the total fatigue life for each specimen tested. The total life of the 5A06 alloy is greatly reduced by the presence of corrosion damage on the surface of the specimen. After corrosion for 12 days, the fatigue life decreased rapidly from 88236 cycles to a minimum of 40251 cycles, while the impairment was 54.38%. To analyze the influence of seawater corrosion on fatigue life, fatigue fracture of specimens at different immersion times was performed, as shown in Fig. 7 . Fig. 7 (a) reveals the extensive fatigue fracture of the noncorroded sample. Fig. 7(b) and Fig. 7(c) show the higher magnification views of regions A and B in Fig. 7(a) , respectively. VOLUME 6, 2018 There is one fatigue source (region A) and many fine dimples (region B) covering the fracture surface. Dimple fracture is a typical plastic fracture induced by external force. It usually initiates at the interface or the point of the microcrack because it then grows and accumulates under the three stress conditions in front of the crack tip [4] . Slip lines can also be observed in the dimples under tensile stress, as shown in Fig. 7 (c) , which indicates that plastic deformation occurs at the interface of the dimple in the fatigue process [33] . After 12 days of immersion, the SEM micrographs of the fatigue fracture surface are presented in Fig. 7 (d-f) , which are different from Fig. 7 (a-c) . From the edge of the sample, it can be seen that there are many crack sources and corrosion pits on the surface of the sample, while the fatigue steps (region A) and the secondary cracks (region B) are also observed in Fig. 7 (e,f) . Furthermore, the fatigue bands and the secondary cracks can also be observed on the fatigue fracture, which implied that the localized corrosion and intergranular cracking occurred presumably at the crack tip during crack arrest [34] . As mentioned above, the presence of Cl − in the corrosion solution is the key factor inducing pitting nucleation on the surface of the alloy [35] . Cl − passes through the anodic oxide film and migrates to the interface of the metal-oxide film, which promotes the corrosive dissolution of the metal and the local destruction of the oxide film. Meanwhile, a passive-active cell is formed inside and outside the pitting pores to promote the further development of corrosion. During this period, the corrosion products deposit at the pitting pore, where a closed area is formed and restricts the exchange of substances inside and outside the pitting. An oxygen concentration cell is also formed by the oxygen deficit in the pitting, which further accelerates the ionization process of the metal. Under the function of local shear stress, the corrosion pits cause stress concentration, thereby destroying the grain size of the material and causing a significant decrease in fatigue life [36] . Fine slip bands are formed as a result of the dislocation migration on the surface under the maximum shear stress, and the number increases with increasing stress [37] . Reverse slip is caused by the adjacent sliding planes, while a groove and a ridge are formed by the fatigue slip on the surface of the alloy under loading. Both the slip bands and the reverse slips can promote fatigue crack initiation [38] . After 16 days of immersion, the fatigue fracture is shown in Fig. 7 (g-i) . It reveals that there are multiple crack sources at the edge of the specimen, as shown in region A (Fig. 7 (g,h) ). The nucleation site of the main crack was confirmed to be located at the surface of the specimen. A serrated path is also observed in the Al matrix, suggesting the existence of hard particles. The Al alloy is a material with good toughness, but intergranular crack paths are observed in the SEM images of the fracture surface in Fig. 7 (l) . It can be assumed that some phases with high hardness exist in the grain boundaries, which can cause stress concentration with increasing corrosion time. The effect of the second phase particle on stress concentration is mainly reflected in two aspects. Firstly, the crystal structures and lattice parameters of the second phases vary with the changes of composition, which is different from the matrix alloy. Therefore, the second phase is regarded as a misfit ball, which causes stress concentration in the matrix and forming a strain field. Besides, the second phases of lager sizes on the surface of the specimens would cause the stress concentration during fatigue testing process by two types: self-fracture of particles and detachment from the matrix. Therefore, the fatigue life declines by more than 30% after corrosion for 16 d, as shown in Fig. 6 . Furthermore, the micro-morphology of the tip of the crack source in Fig. 7 (h) is more passivated than that in Fig. 7 (e) . This is due to anodic dissolution, which reduces the bonding force between atoms and alleviates the hardening and crack stress of the metal surface region at the crack tips. The micrographs of the fatigue fracture surface of the samples corroded for 32 d are similar to those for 16 d, as shown in Fig. 7 (j-l) . Exfoliation corrosion occurs on the surface of the alloy, and many corrosion products accumulate at the edges of the cracks, which leads to a 50% reduction in fatigue life after corrosion for 32 d.
In conclusion, the variation trend of fatigue life with increasing corrosion time is mainly caused by the following reasons. Firstly, in the process of seawater corrosion, pitting occurred on the surface of the alloy, which would cause the local stress concentration to become a source of fatigue cracks and then promote fatigue damage. Secondly, for the specimens with fatigue cracks, the combined contribution of the occluded cell effect in the crack and the chemical effect of the plastic deformation at the crack tip promoted the propagation of the fatigue cracks. Thirdly, a resident slip band would be produced on the surface of the alloy during the fatigue process, which results in the effect on microcells of the deformation/non-deformation metal. Meanwhile, the corrosion fatigue can also lead to damage of the corrosion product film on the Al alloy surface and produce the galvanic effect on the anode (exposed aluminum alloy matrix) and cathode (corrosion product coverage area). A corrosion product film capable of high ionic transport is required for the corrosion to continue. With sufficient electronic conductivity, the corrosion product can serve as cathode for subsequent metal corrosion and influence ion migration in the corrosion solution. The diversity of ion concentration at the interface would cause the galvanic corrosion and forming an activepassive system, which would cause local corrosion on the surface of the aluminum alloy and promote fatigue damage, thus leading to a lower fatigue life. However, the radius of curvature at the crack tip increases due to anodic dissolution. The anodic dissolution would passivate the crack tip and restrain the development of the crack during the subsequent fatigue loading. In addition, the crack closure effect can be produced by the accumulation of corrosion products on the crack surface, which also reduces the driving force of fatigue crack growth. Therefore, the fatigue life of Al alloy first decreases rapidly, then increases gradually and finally tends to stabilize, as shown in Fig. 6 .
C. CORROSION MORPHOLOGY ANALYSES
To further understand the corrosion behavior, SEM/EDS images of the specimens immersed in the corrosion solution for different times are shown in Fig. 8 . The results show that the pores initiate from the specimen surface near the second phase with white corrosion products on the first day of corrosion, as shown in Fig. 8(a) . Fig. 8(b) shows a magnification of the second phase and pores. Corrosion pits and product layers can be observed after immersion for 4 days in Fig. 8(c) . The higher magnification and corresponding EDS results of the white box in Fig. 8(c) are shown in Fig. 8(d) , which demonstrate the existence of a product layer on the surface. The number and size of the pits increase gradually with prolonged immersion time. White corrosion products are also observed in Fig. 8(e) . A magnification and the corresponding EDS of the pits and corrosion products are presented in Fig. 8(f) . After corrosion for 16 d and 32 d, the intergranular and exfoliation corrosion are presented in Fig. 8(g) and Fig. 8(h) , respectively.
For the corrosion of 5A06 Al alloy, in the initial corrosion stage (corrosion for 1 d), as shown in Fig. 8 (a-b) , the pores and white corrosion products initiated from the specimen surface were observed dominantly near the second phases in the Al matrix. After 4 d of immersion, a gray needle-like corrosion product layer is formed obviously on the surface of the alloy, and the white flocculent products on the top layers are not very compact, as seen in Fig. 8(c) . As shown in Fig. 8(d) appended on the upper right corner, the corrosion products, as determined by EDS, contain mainly approximately 72.5 at.% Al, 20.5 at.% O and 4.5 at.% Cl, except for H, which cannot be detected by EDS. The EDS result is an average composition of the white and gray corrosion products because both corrosion products are too porous to be selected accurately [39] .
The corrosion products should be Al(OH) 3 , and the formation reaction of the gray corrosion products can be described as follows: Al 2 O 3 +H 2 O→Al(OH) 3 . As corrosion proceeds, corrosion products may accumulate at the pitting pore and produce metal chlorides (such as AlCl 3 ) in it, so the pH value is reduced by hydrolysis. To maintain the balance between internal and external charges, Cl − continuously migrates to the inside of the pitting pores through the corrosion products, which further enrich the Cl − in the pitting pores and promote pitting corrosion. After corrosion for 12 d, the size and number of pits are obviously larger than those in Fig. 8(c-d) . Furthermore, the white corrosion products were less compact than those formed at 4 d. This is due to the increasing anode reactive sites and pitting density, which reduce the corrosion resistance and accelerate the corrosion reaction on the surface prolonged time, while the corrosion product layer gradually dissolves into the Al matrix. The typical morphologies of intergranular and exfoliation corrosion of the 5A06 Al alloys corroded for 16 and 32 days are shown in Fig. 8(g-h) . As the positive charge and metal ions accumulate, a strong electric field is formed, and Cl − is attracted into the pit to maintain the charge neutrality. Thus, a more aggressive solution was generated through the combined effect of H + and Cl − . Overall, intergranular corrosion occurs when the dissolution current density of the grain boundary is much larger than that of the grain itself [40] . As the corrosion proceeds, the ''wedging effect'' is generated while the consumption volume of the metal is greater than that of the insoluble corrosion products. Then, the non-corroded metal is lifted by the products, and the grain boundary is subjected to tension, which accelerates crack initiation and expansion. Finally, the metal surface falls off from the matrix, namely, exfoliation corrosion [41] .
Generally, 5A06 Al alloy is composed of α (Al) + β (Al 3 Mg 2 ) at room temperature due to the high content of Mg. As the anode, the potential of the β phase is lower than that of α-Al, which results in preferential dissolution and the formation of pitting. The corresponding anode reaction can be described as follows: Mg-2e − →Mg 2+ , Al-3e − →Al 3+ . The presence of oxygen also promotes the cathode reaction: O 2 + 2H 2 O+4e − →4OH − . When pitting occurs, the Al 3+ hydrolyzes with water according to the following equation: Al 3+ + 3H 2 O→Al(OH) 3 + 3H + . On the one hand, the corrosion products gradually deposit on the surface and protect the Al alloy from corrosion; on the other hand, the H + produced by the hydrolysis reaction leads to a decrease in the pH value of the solution in the pit. The increasing acidity accelerates the dissolution rate of aluminum alloy, which promotes the development of pitting. Pitting is thought to be one of the principal mechanisms for the damage of high-strength aluminum alloys and often represents the initiation sites for other forms of corrosion [39] . A large amount of pitting pores would cause a local stress concentration and become the source of fatigue cracks, which also promote fatigue damage and decrease the fatigue life rapidly. As pits expand, intergranular corrosion occurs when the dissolution current density of the grain boundary is much larger than that of the grain itself.
As corrosion proceeds, exfoliation corrosion appears on the surface of the Al alloy due to the wedging effect, which accelerates crack initiation and expansion. During this period, the crack tip is gradually passivated under fatigue loading, and the development of the crack is restrained. Furthermore, the crack closure effect also reduces the driving force of fatigue crack growth. This reveals that the fatigue life of the Al alloy finally tends to stabilize.
IV. CONCLUSIONS
The corrosion behavior and mechanical properties of 5A06 alloy in a mixed solution of 0.5 mol/L H 2 O 2 and seawater from Bohai Bay at 40 • C for several days were studied by means of tensile and fatigue measurements and scanning electron microscopy, wherein the following conclusions can be derived from the present work:
(1) The tensile properties (tensile stress σ b and yield stress σ 0.2 ) of the 5A06 alloy are not very sensitive to seawater corrosion. The maximum tensile stress decrement of the 5A06 alloy is 5.98% after corrosion for 32 d, while the yield stress decrement is 8.15%. The decreases in tensile properties are due to the propagation of tensile microcracks.
(2) The fatigue life of the 5A06 alloy is greatly affected by seawater corrosion, and the maximum decrement of the fatigue life is 54.38% after corrosion for 12 d. This phenomenon is mainly related to the pitting corrosion and the combination of the galvanic effect, occluded cell effect and chemical effect. With prolonged corrosion time, the fatigue life increases gradually and finally tends to stabilize. This is due to the increasing radius of curvature at the crack tip, which leads to passivation of the crack tip and reduces the development of the crack during the subsequent fatigue loading.
(3) According to the corrosion morphology analyses, 5A06 Al alloy mainly experienced pitting, intergranular corrosion and exfoliation corrosion during the process of seawater corrosion. 
